Crystals of pyridinium tetrabromozincate and pyridinium tetrabromocadmate were obtained as monohydrates and anhydrous compounds. The crystal structure of metastable (C 5 H 5 NH) 2 -CdBr 4 ·H 2 O was determined at 300(2) K; triclinic space group P1 with a = 7.875 (2) 2− ions. The respective two 81 Br NQR lines of the hydrates exhibited anomalous positive temperature dependence. This is considered to be induced by a weakening in the interionic C-H···Br hydrogen bonds with increasing temperature. The DSC measurements of the anhydrous compounds have revealed phase transitions above r. t. The thermal behavior of (C 5 H 5 NH) 2 CdBr 4 is complicated by the formation of metastable forms.
Introduction
The formation of a wide variety of complex compounds of (AH) 2 MBr 4 (AH = substituted ammonium monocation; M = Zn, Cd) has been recorded. Although Zn and Cd belong to the group 12, there is a notable difference in their coordination behavior, i. e. the harder Lewis acid Zn 2+ has a strong tendency to a tetrahedral coordination in ZnBr 4 2− , while the softer Lewis acid Cd 2+ has a potential tendency to expand its coordination number from four to six so that an octahedral coordination in CdBr 6 2− is often found in layers of (CdBr 4 2− ) ∞ . It seems interesting on the one hand to compare the crystal structures of the corresponding complex compounds of zinc and cadmium bromides with the same cations in order to understand the delic 2011 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com cate building principle of the crystal structures depending on the combination of cations and anions. On the other hand, the importance of weak hydrogen bonds in the crystal structures has received much attention recently [1] . NQR (nuclear quadrupole resonance) spectroscopy is a powerful method to investigate the electronic distributions around relevant nuclei in crystalline solids and has been intensively used to study chemical bonding, crystal structures, and phase transitions etc. Hydrogen bonding interactions involving halogen atoms are known to become not infrequently detectable through the corresponding NQR frequencies and their temperature dependence. Thus, it may be worth while to elucidate the existence of weak hydrogen bonds such as C-H··· Br in the present type of compounds [15] and Scaife [16] have already reported the 81 Br NQR frequencies of these compounds at both liquid nitrogen and r. t. Our frequency data have some discrepancies with theirs. In the process of trying to resolve the discrepancy, we have found the existence of hydrates of these compounds. In this paper we describe the temperature dependence of the 81 Br NQR frequencies of the title compounds. Further, thermal analyses and X-ray single-crystal diffraction were applied to elucidate the phase transitions and the bonding in the structures.
Results and Discussion

NQR frequencies and materials
The 81 Br NQR spectra have shown that monohydrates exist in addition to the anhydrous Zn and Cd compounds. Further, polymorphism was found in the case of the cadmium hydrate. The compounds investigated are abbreviated with the bold numbers in parentheses as follows: stable (PyH) 2 [16] agree practically with those of the higher three of four lines for the hydrate 3, but the remaining lines of both compounds contradict in frequencies. The frequencies of (PyH) 2 CdBr 4 in [15] do not match with those of any Cd compounds of 1s to 2. The reason for these contradictory results is still unknown.
The temperature dependence of the 81 Br NQR frequencies (ν) is shown for 1s, 1m and 2 in Figs. 1, 2 and 3, respectively. That for 3 and 4 are shown together in Fig. 4 . All the compounds except for 1s gave four resonance lines throughout the measured temperature range. 1s undergoes a phase transition at T c = 116 K, and the low temperature phase (LTP) and the r. t. phase (RTP) are characterized by four and two resonance lines, respectively (Fig. 1) . The 81 Br NQR signal intensities of 1s in LTP were more than 5 times stronger than those in 1m. The frequencies of the resonance lines of all compounds exist in the range of ca. 56 to 64 MHz at r. t. (Table 1 ). In our former studies on the crystal structures of a series of zinc and cadmium halide complexes [2 -14] , isolated tetrahedral anions were solely found in the structures of the Zn compounds. By contrast, a variety of polymeric structures of anions have been found for the Cd compounds. Lower frequency lines are usually assigned to the Br atoms in M-Br-M bridges which are necessary in the formation of the polymeric structures. However, the 81 present in all crystals of these compounds. In accordance with this expectation, the X-ray structure investigation of 1m has shown the existence of an isolated tetrahedral CdBr 4 2− anion as described below.
X-Ray crystal structure study of a metastable form of (PyH) 2 CdBr 4 ·H 2 O
The crystal structure has been determined for 1m. The experimental conditions for the measurements and the crystal structure data are listed in Table 2 [17] . The unit cell is shown projected onto the bc plane in Fig. 5 . The asymmetric unit consists of two C 5 H 5 NH + ions, a CdBr 4 2− ion and a water molecule. The bond lengths and angles in the cations are normal [17] , and those in the anion are given in Table 3 . The isolated CdBr 4 2− ion is a slightly distorted tetrahedron with bond lengths from 2.56 to 2.59Å and bond angles from 107 to 112 • . The N-H···O and C-H···Br hydrogen bonds are listed in Table 4 . The O-H···Br hydrogen bonds are also included in Table 4 , even though they are a little longer than the sum of the van der Waals radii within 0.1Å. The O-H···Br(4) hydrogen bond may be stronger than the O-H···Br(1) one by judging from the O···Br distances. The water oxygen Table 4 for numbers pertinent to hydrogen bonds and short contacts.
atom is surrounded tetrahedrally by two cations and two anions through N-H···O and O-H···Br hydrogen bonds, respectively, as shown in Fig. 6 . On the other hand, the cation and the anion are connected to each other through C-H··· Br(2) and C-H··· Br(3) hydrogen bonds with almost similar strength according to their hydrogen bond lengths.
Anomalous temperature dependence of 81 Br NQR frequencies and hydrogen bond interactions
The appearances of the ν vs. T curves of the anhydrous compounds 2 and 4 resemble each other (Figs. 3  and 4) . The two resonance lines with middle frequencies are situated in proximity, and the other two lines are situated above and below with roughly the same frequency separations. The resemblance between the ν vs. T curves of the hydrates 1m and 3 is also quite noticeable (Figs. 2 and 4) . The highest frequency lines show normal negative temperature dependence, but the temperature behavior of the remaining three lines is unusual. These resemblances between the ν vs. T curves suggest that the pairs of the anhydrous and hydrated compounds are isomorphous.
The Bayer theory [18] predicts that NQR frequencies decrease monotonously owing to the increased librational motions with increasing temperature. However, the NQR frequencies of atoms with intermolecular bonds often show anomalous positive or only very slight temperature dependence. This reason is usually ascribed to a change in their intermolecular bonds caused by the increasing molecular motions with temperature. Another effect of intermolecular bonds generally observed is a lowering in the frequencies, which is due to the decrease of unbalanced p electron numbers of the relevant atom compared to a state free from intermolecular bonding.
As described above, the Br(2) and Br(3) atoms of 1m participate in weak C-H···Br hydrogen bonds with the cations (Fig. 6) . Further, the Br(1) and Br(4) atoms may participate in weak O-H···Br hydrogen bonds with water. Therefore, the anomalous temperature dependence of the 81 Br NQR frequencies observed for 1m should be related to Br atoms participating in hydrogen bonds. On the other hand, the water molecule also participates in hydrogen bonds O-H···N with the cations. The consideration of the situation leads to the following assignments. First, the similarity in strength between the C-H··· Br(2) and C-H··· Br(3) hydrogen bonds indicates that ν 3 and ν 4 are assignable to Br(2) and Br(3) or vice versa. Thus, the slight and buoyant temperature dependence of ν 3 and ν 4 is explained as a result of weakening C-H··· Br(2) and C-H···Br(3) hydrogen bonds caused by the increased motion of the cations with increasing temperature. The motions of the cations must be correlated with those of water molecules attached through the O-H···N hydrogen bonds. Second, by considering that the O-H···Br(4) hydrogen bond is stronger than the O-H···Br(1) hydrogen bond, the lowest frequency line at r. t., ν 2 , may be assigned to Br(4). Thus, while the O-H··· N hydrogen bonds are weakened as described above, the O-H···Br(4) hydrogen bonds may be strengthened conversely with the increasing motions of the water molecules. Lastly, the highest frequency line, ν 1 , may be assigned to Br(1). It is supposed that the O-H··· Br(1) hydrogen bonds are quite weak throughout the measured temperature range.
In an extension of the above assignments, the two proximate 81 Br NQR lines at middle frequencies in 2 are also assigned to Br atoms engaged in C-H···Br hydrogen bonds because of the similar 81 Br NQR frequencies for 1m and 2 at r. t. In this case, the normal temperature dependence of these lines is explainable by lack of a weakening of the C-H···Br hydrogen bonds. On the other hand, the Br atoms assigned to the remaining two lines may be engaged in N-H···Br hydrogen bonds with cations instead of O-H···Br bonds with water. The similarities in the ν vs. T curves between the respective pairs of the hydrates 1m and 3 and the anhydrous compounds 2 and 4 suggest that weak hydrogen bonds such as C-H···Br, N-H···Br, O-H··· Br, and O-H···N exist also in the Zn compounds.
The NQR signals of all compounds showed the fade-out slightly above r. t., viz. around 324, 306, 340, 318, and 324 K for 1s, 1m, 2, 3, and 4, respectively, far below the melting points. The fade-outs in the hydrates may be due to dehydration as stated below. However, the fade-outs in the anhydrous compounds may be ascribed to the activation of reorientational motions of the anions MBr 4 2− as stated below.
Low-temperature phase transition in the stable form of (PyH) 2 CdBr 4 ·H 2 O
The temperature dependence of the 81 Br NQR frequencies shows that the symmetry of 1s is lowered during the phase transition from RTP to LTP at T c = 116 K (Fig. 1) . The RTP structure is characterized by two 81 Br NQR lines with the same intensity, implying that the CdBr 4 2− ion has a symmetry plane or a 2-fold axis. On the other hand, LTP is characterized by four 81 Br NQR lines with the same intensity, showing an asymmetry of the CdBr 4 2− ion. A wider frequency range of the resonance lines in LTP than in RTP indicates an increased distortion of the CdBr 4 2− tetrahedron. Each resonance line in RTP splits discontinuously into two lines in LTP, indicating that the transition is a first-order type. Moreover, the DTA curves of 1s show representative exothermic and endothermic anomalies in the cooling and heating runs, respectively (Fig. 7) . However, the phase transition temperature at 109 K (on heating) observed by DTA is significantly lower than at T c = 116 K observed by NQR. This fact may show that the phase transition temperature is quite dependent on the measuring processes with supercooling.
Though the crystal structure of 1s has not yet been clarified, the easiness of the transformations from 1m Table 5 . Transition points T c , transition enthalpies ∆H, and transition entropies ∆S, the temperature differences ∆T c in between heating and cooling runs.
a,b,c,d,e The suffixes represent the heating runs affixed with the corresponding letters in the schematic DSC curves shown in Fig. 5 ; f the sums correspond to II → I and I → liquid; g with sealed pan; h ref. [13] ; i this thermal anomaly was accompanied by another lengthy one (see text). 
DSC study and phase transitions at higher temperatures
We have already reported the results of DSC measurements for 4 [13] , which showed a phase transition at 342 K. The results of new DSC measurements are listed in Table 5 together with those for 4. None of the compounds in the Table did exhibit any heat anomalies between 130 K and r. t. An anomaly for 2 corresponding to that of 4 was found at 356 K showing the occurrence of phase transitions related to the reorientational motions of MBr 4 2− as observed in the series of compounds [N(CH 3 ) 4 ] 2 MX 4 (M = Zn, Cd, Hg; X = Cl, Br, I) [8, 19] .
A schematic drawing of the DSC curve of 2 is shown in Fig. 8a . An endothermic heat anomaly was observed at T III→II = 356 K in the first heating run up to 413 K. In the second heating run made immediately after the cooling run (see run e in Fig. 8a) , the starting temper- ature of the anomaly was lowered to T III →II = 337 K. However, the measurements done for an aged sample, kept at r. t. for several days after the T III →II transition, restored exactly the same results with 356 and 337 K for T III→II and T III →II , respectively, as for the virgin sample. Further, when the first heating run was extended to 463 K, an additional small heat anomaly appeared at T II→I = 424 K just below the melting point T m = 435 K (see run c in Fig 8b) . In the successive cooling run to r. t., not two but a single exothermic peak anomaly emerged at 289 K. As shown in run d in Fig. 8b , the reheating run to a temperature above T m executed immediately after cooling did not produce the above small heat anomaly peak of T II→I but a single heat anomaly at T III →I = 341 K. The aged sample, kept for several days at r. t. after melting, recovered the same peak anomaly with T III→II = 356 K and T II→I = 424 K as for the virgin sample. The above observations show that 2 can exist in at least two r. t. metastable phases, III and III , in addition to the stable phase III.
The DSC curves of 1m obtained from an open pan are shown in Fig. 8c . The first heating run to above T m showed a two-step dehydration at 331 and 358 K. The remeasurement results for this sample cooled to room temperature were similar to those in Fig. 8b for 2, with a small difference in the temperature of the anomaly: T III →II = 356 K and T II →I = 429 K in 1m correspond to T III→II = 356 K and T II→I = 424 K in 2 indicating the formation of the anhydrous form 1m without decomposition. However, there were some differences between the original 2 and the dehydrated sample of 1m in the second heating runs. In the case of the original 2 the lowest endothermic peak anomaly appeared at T III→II = 356 K in the first run, but it appeared at T III →I = 341 K in the repeated run owing to the appearance of a metastable state III (Fig. 8b) . In the case of the dehydrated sample of 1m the lowest peak was always T III →II = 356 K, even in the repeated measurements (Fig. 8c) . In addition, the small anomaly at T II →I and the corresponding exothermal anomaly at T I →II appeared inevitably in each run for the dehydrated sample of 1m (Fig. 8c) . On the contrary, the corresponding anomaly at T II→I for the original 2 was found only in the first run and the exothermal counterpart was not found in the successive cooling run (Fig. 8b) . These observations suggest that the metastable states do not appear for the dehydrated sample of 1m probably owing to the existence of a small amount of water remaining in the sample even after dehydration and successive melting.
4 showed a heat anomaly at 342 K before melting at 448 K in the heating run [13] . The present DSC measurements of 3 in sealed pans again showed a heat anomaly around 340 K, but accompanied with a lengthy sluggish anomaly between 410 and 420 K in a heating run. A similar DSC curve was also observed for 1m in the measurement with a sealed pan. In this case a heat anomaly at 332 K was followed by a broad anomaly skirted up to ca. 390 K. These observations indicate a time-consuming dehydration of the samples.
Conclusion
The crystal structure of the metastable form 1m has been determined by single-crystal X-ray diffraction. The water molecules connect the cations and anions through N-H···O and O-H···Br hydrogen bonds, respectively, while the cations and anions are directly connected through C-H···Br hydrogen bonds. The 81 Br NQR frequencies of the respective two middlefrequency lines of both 1m and 3 exhibit an anomalously small and partly positive temperature dependence, which may be explained by the weakening of the C-H··· Br hydrogen bonds associated with the increased motions of the water molecules with increasing temperature. The lowest-frequency 81 Br NQR lines of the above two compounds at r. t. exhibit anomalously large negative temperature dependence, suggesting that a strengthening in one of two O-H···Br hydrogen bonds of the water molecule occurs with increasing temperature. The stable form 1s undergoes a first-order phase transition between the LTP and RTP structures at 116 K; a 180 • flip-flop motion of water molecules appears to be allowed in RTP, which is restricted in LTP. Both 2 and 4 undergo phase transitions near r. t., which may be related to reorientational motions of the anions MBr 4 2− . 2 undergoes another phase transition below the melting point, which is absent in successive runs owing to the appearance of metastable states at r. t. The present results demonstrate that the temperature dependence of 81 Br NQR frequencies is sensitive to the dynamical changes in the weak hydrogen bonds such as C-H···Br which complement the stronger N-H···Br and O-H···Br interactions.
Experimental Section
Materials
The hydrous compounds of 1m and 3 were obtained by concentrating hydrobromic acid solutions containing a 2 : 1 molar ratio of pyridine and ZnBr 2 or CdCO 3 over NaOH in a desiccator. The anhydrous compounds 2 and 4 were obtained by drying the hydrous ones over P 2 O 5 in a desiccator. It was observed by 81 Br NQR spectroscopy that 1m transformed to 1s within several months at r. O with smaller errors. However, the TG measurement of 3 showed the weight loss from around 340 K to near the melting point to be 3.2 %, which is consistent with the value of 3.2 % from the chemical formula. Further, we measured directly the weight gain for the anhydrous to form the hydrate and vice versa using a conventional analytical balance: The anhydrous form was obtained by drying wet crystals of hydrates for a long time to a constant weight at 353 K in an electric oven. The anhydrous one was then kept with water in a desiccator until a constant weight was reached. The weight increase corresponded to the monohydrate. It was noticed that the volume of the crystals expanded considerably during hydration. The crystals gave the 81 Br NQR signals of 1m. Crystals of the hydrate were dehydrated again to a constant weight at 353 K in an electric oven, the results being consistent with the dehydration of a monohydrate.
Measurements
The structure of 1m was determined using a four-circle X-ray diffractometer Nonius CAD4 (MoK α radiation, λ = 0.7109Å, graphite monochromator) [17] . All calculations were performed using the SHELX-97 program package [20] .
The 81 Br NQR spectra were observed by using a homemade super-regenerative type oscillator. The resonance frequencies were determined by a counting method. The accuracy of the frequency measurements is estimated to be within ±0.05 MHz. The DSC measurements were performed above 130 K with a differential scanning calorimeter DSC220 from Seiko Instruments Inc. under the following conditions: sample weights ca. 10 mg, heating or cooling rates 2 -10 K min −1 under flowing dry N 2 gas at 40 mL min −1 . TG measurements were carried out by using a Rigaku Instrument TAS100 (TG-DTA/S); sample weights ca. 10 mg, heating rates 10 K min −1 under flowing dry N 2 gas at 10 mL min −1 . Low-temperature DTA measurements were performed by using a home-made apparatus.
